I. INTRODUCTION
One of the research goals for improving NIST laser measurements is to achieve a high-accuracy room temperature radiometer. This research leverages existing designs 1 with an emphasis on miniaturization and speed, linked with improvements in readout electronics. To obtain high sensitivity along with a short time constant, it is vital to simultaneously ensure a weak thermal link to the heat reservoir and maintain a low thermal mass of the system. A planar silicon-based microfabricated radiometer satisfies this requirement. As an example, we have recently demonstrated an absolute cryogenic electrical substitution radiometer. 2 Its principle is based on direct comparison of optical power to its electrical equivalent. It consists of a black absorber connected to a heat reservoir with stable temperature through a weak thermal link. The absorber is heated to elevated temperature by the electrical heater. The incident light provides an additional heat that will increase the absorber temperature. To keep this temperature constant, the electrical heating power must be then reduced by an amount that is equivalent to the measured light power.
To achieve a reasonably low detection limit, an instrumentation amplifier together with a thermistor bridge must be optimized for low noise. If the amplifier is noise-matched to the bridge impedance, 3 the detection limit is determined mainly by the noise of the thermistor itself. In the case of thin-film or low-volume thermistors, the noise is affected by the number of carriers flowing through the thermistor, making the typical low frequency 1/f noise 4 inversely proportional to the thermistor volume. 5, 6 Therefore, since we are attempting to achieve the lowest possible noise readout, we have concentrated on bulk chip thermistors instead of thin-film thermistors. The knowledge of the thermistor noise allows us to predict the performance of the sensor and tailor the design to the specific application accordingly.
Today's electronics industry offers wide possibilities for noise measurement. One simple measurement scheme is to use a low-noise amplifier connected to a Fast-Fourier transform analyzer. 7 However, the accurate evaluation of low-noise thermistors requires a large bias current, which results in Joule heating of the thermistors. For this reason, this method must be rejected for low-noise thermistors. A second measurement scheme is based on the cross correlation of noise spectra of two identical amplifiers connected to one thermistor. 8, 9 However, the data acquisition requires taking three independent measurements to take one dataset. A third, widely used approach uses alternating current (AC) modulation to separate the amplifier 1/f noise from the thermistor noise. [10] [11] [12] In this work, we use the third measurement scheme and focus on the mathematical background and measurement techniques needed to measure the electrical noise of thermistor. Several comparable types of room temperature bulk chip thermistors are investigated and their noise characteristics are then compared.
Unlike resistor noise measurement, chip thermistors can have a large temperature coefficient of resistance (TCR) (∼4%/K). Thus it is hard to distinguish between slow environmental fluctuations and drift of the sample itself. Therefore, we developed a temperature-controlled setup and signal processing algorithm that filter out the slow periodic temperature drifts, while maintaining the information about sensor noise. The whole signal processing chain is designed in such a way that it allows accurate model curve fitting (e.g., instead of classical filtering, a combination of rootmean-square filter together with logarithmic frequency decimation allowed us to track the noise power spectral density and to keep the fitting curve accurate across a few decades). From this curve, we are able to extract the important physical parameters of sensors (RMS noise temperature, flicker noise exponent, and thermal noise voltage) in an automated manner. With these parameters, we can then predict the performance of the radiometer system. This method is of particular benefit, if matched thermistors with the lowest possible noise figures are to be chosen from a large set of samples. 
II. NOISY THERMISTOR IN RESISTOR DIVIDER
In this section, we will analyze the influence of particular noise sources in the basic resistor divider. Figure 1 shows a simplified circuit diagram of a resistor divider containing a noisy thermistor under test, R T . As we will show later in this section, the 1/f resistance fluctuation noise and Johnson thermal noise are both distinguishable. The resistor divider is biased by a sine wave voltage source with magnitude V 0 . The resistors R B and R T are the ballast resistor and thermistor under test, respectively. The output of the divider is fed to a noisy amplifier with a characteristic noise voltage e n,A and noise current i n,A . The asterisk (*) denotes a random noise source.
We assume that the biggest contributor to the measured noise voltage will be the thermistor itself. To simplify the task, we suppose that the value of the resistor R B is much higher than the value of R T . This allows us to neglect the effect of R B on the output noise voltage. The time dependence of the voltage drop ∆V T can then be approximated as
where ∆V T (t) is the time-dependent output voltage across the thermistor, V 0 (t) represents the bridge excitation voltage, and ∆R T (t) the time fluctuations of R T . Next, using the superposition theorem, the contribution of the other noise sources will be added. Provided that the noise current i n,A of the amplifier is very low (∼100 fA for the particular JFET used), we can leave out the last term of (2) containing the noise current. The remaining three terms are independent of each other (they do not appear in mutual product) so they can be separated in Fourier space using AC modulation. The Fourier transform of Equation (1) is
where
, and ∆R T ( f ) represent the spectra of the voltage drop across the thermistor R T , the AC sine wave excitation signal, and the noise spectra of resistor R T , respectively. Additionally, the asterisk (*) denotes the convolution product. The Fourier transform of the feeding sine wave (V 0 ( f )) is a delta function about which the noise spectrum of R T is transposed ( Figure 2 ). This gives us a very practical implication; by this simple modulation scheme, we may separate the amplifier 1/f noise component from that of the thermistor under test. The region of interest is then limited by a bandpass filter.
III. NOISE OF TWO THERMISTORS IN WHEATSTONE BRIDGE CONFIGURATION.
In order to suppress the effect of temperature drift during noise measurements, sample thermistors R 1 and R 2 can be connected in one arm of a Wheatstone bridge (Figure 3 ). In this arrangement, their mutual temperature effect on the output voltage is suppressed as a common mode. In the other arm, ballast resistors having low noise and low temperature coefficient of resistance are connected (we chose Vishay Z-foil resistors). This ensures that when in balance, the voltage V 1 across the Wheatstone terminals will be close to zero and will be mainly affected by resistance fluctuations of thermistors R 1 and R 2 .
The voltage V 1 across the bridge terminals is
The voltage noise σ V 1 is related to resistance fluctuations σ R according to the theory of uncertainty propagation 13 as
The partial derivatives of V 1 with respect to R 1 and R 2 are and
Therefore, the output voltage noise is
If we assume that the resistors R 1 and R 2 have the same value R, and the same noise properties σ R , then (8) simplifies to
Rearranging, we get a simple formula for two identical noisy thermistors placed in a Wheatstone bridge configuration
IV. MEASUREMENT PROCEDURE
For our measurements, we used the Wheatstone bridge configuration discussed above with two nominally identical thermistors. The bridge is excited by a sine wave voltage (amplitude 1 V, frequency 1 kHz). The sampling frequency of 128 Hz was chosen as high as the instrument could allow, to suppress the aliasing of line interference signal. Unfortunately, at higher sampling rates, the communication with the lock-in amplifier (Stanford Research SR830) using FAST2 transfer mode over GPIB was not reliable. The excitation frequency was needed to be at least six times higher to get rid of noise aliasing from the base band and line harmonics, as well. The bridge excitation amplitude was chosen to be high enough so that the fluctuations of even "quiet" samples could be observed. The voltage fluctuations at the output of the bridge are mainly dependent on resistance noise, which is further amplified by a low noise preamplifier. Consequently, a digital signal processing (DSP) synchronous demodulation is used to determine the in-phase and quadrature component of the noise signal (Figure 4) . [10] [11] [12] Using this modulation scheme, the effect of the 1/f preamplifier noise and thermal electromotive forces are removed, whereas the 1/f resistance noise is transposed to our measurement band.
Since the noise of our signal is wideband, its equivalent noise bandwidth (ENBW) was intentionally limited by a builtin low-pass filter. 14 This was done in order to avoid the aliasing of high frequency components. For our purpose, the time constant of the filter was set to 30 ms and the filter slope was 24 dB/octave, resulting in an equivalent noise bandwidth of about 2.6 Hz. 15 The excellent phase stability and low phase noise of the DSP lock-in Ref. 15 allow us to distinguish two components of thermistor noise. The output voltage of the resistor divider is proportional to the AC excitation current i(t) and resistance fluctuations ∆R(t) (representing the scalar multiplication factor) ( Figure 5 ). For this reason, the voltage fluctuations are in phase both with current i(t) and resistance fluctuations ∆R(t), as well. As long as the thermal noise component is not correlated with AC excitation voltage, it is represented by phasor e n (t) with a random angle.
As a result, the in-phase component contains a superimposed projection of thermal and excitation voltage-dependent 1/f noise of the thermistor. In the quadrature signal, the 1/f noise contribution is greatly suppressed and, when the bridge is in good balance, this signal contains only the projection of the thermal noise component, independent of the excitation voltage.
Here, it is important to mention that both resistive and reactive components of the bridge signal must be well balanced (by means of adjustable resistor R 4 and capacitor C 2 , see Figure 4 ) before the measurement itself. Otherwise, a slight imbalance of reactive components of the bridge impedances (e.g., from unequal geometric capacitance of both bridge arms) develops considerable signal at the amplifier output. This stationary voltage will prevent the lock-in amplifier from taking advantage of voltage measurement with high sensitivity. Three different types of negative temperature coefficient (NTC) thermistors were tested from US Sensor Corporation (BC103J1K, labeled as US) 16 and Measurement Specialties Incorporated (GA10K3CG3 and 10K3MCD1, labeled MS and MC, respectively). 17,18 Samples were held against a copper heatsink block (dimensions 50 mm × 35 mm × 12.5 mm) with pogo pins as shown in Figure 6 .
The heatsink was placed on closed-cell extruded polystyrene foam of a thickness of approximately 3 cm. The test fixture and preamplifier were placed in an aluminum box (dimensions 26 cm × 16 cm × 9 cm and weight of 1.55 kg). This provides additional shielding against air currents and creates another thermal low-pass filter. This box was placed in an environmental chamber and the temperature was stabilized at 25 • C. Figure 7 shows an example time series of the sensor noise voltage.
V. SIGNAL PROCESSING AND DATA ANALYSIS
Despite usage of two common-mode compensating thermistors, temperature stabilization, and thermal low-pass filtering, we can still measure the drift of the in-phase noise signal due to residual long-term temperature changes. Due to this drift, there is a significant signal at very low frequencies, extending beyond the lowest FFT frequency of the time series. To prevent discontinuity effects caused by the low frequency signals, we first apply a second-order high-pass filter in the time-domain to remove this drift. The cutoff frequency f c was set to 5 mHz. The high-pass filter is described by
and
where the lowercase variables
, and M represent the original time domain data, first-order filtered result, second-order filtered result, and length of the filter, respectively. The required boxcar filter length M is calculated as a ratio of sampling frequency f s and cutoff frequency f c ,
A fast Fourier transform was applied to the filtered data to evaluate the noise power spectral density. Since the filtering introduces an amplitude ripple in the data, an amplitude correction was made by multiplying the filtered signal frequency spectra by the filter inverse transfer function
where L is the length of the Fourier transform and the uppercase X a [k] is the absolute value of frequency spectral density corrected for the boxcar filter transfer function. At first glance, it appears we have applied the filter in the time-domain and then divided out the effect of this filter in the frequency-domain, resulting in no net effect. In fact, the time-domain filtering prevents discontinuity effects during the calculation of the FFT as frequency data below the high-pass filter cutoff frequency are discarded. The high-pass filter is divided out in the frequency domain to remove amplitude ripple above the cutoff frequency. The frequency-domain data still show large noise, so they are not suitable for direct fitting by a theoretical curve since most fitting algorithms will not converge. This is because of an ambiguous evaluation of the error function. Limitations in the data acquisition prevent us from taking multiple averages of the spectra. Instead, we assume that the smoothing algorithm averages out statistical sources but does not significantly affect the shape of the 1/f curve. Therefore, we use the smoothing algorithm because it is closely equivalent to averaging. The reason it is closely equivalent to averaging is the close spacing of data points in the frequency domain. The second-moment rootmean-square envelope filtering represents the power spectral density
where X f [k] is the RMS-filtered signal and N represents the RMS filter length. Next, the logarithmic decimation in frequency was performed to equally distribute the measurement points along the frequency scale. Otherwise, there will be more points in the higher frequency decades. These will contribute more to the evaluation of the fitting error function, preventing an accurate fit at low frequencies (Fig. 8) .
The whole signal processing chain is shown pictorially in the flowchart in Figure 9 .
Finally, the data were fitted by analytical dependence using a non-linear curve-fitting algorithm (16) of thermal drift to the measurement. The second term, denoted by symbol en j , represents the thermal noise voltage
An example of the measured noise power spectral density together with analytical curve fit is shown in Figure 10 . According to the manufacturer's datasheets, all three samples have the same temperature coefficient of resistance (TCR) of 4.4%/K, so we expect that the thermal fluctuations inside the measurement chamber will have the same impact on the measurement data. Each sample was measured several times, and an example of the dispersion between measurements is shown in Figure 11 . In case the effect of the measurement environment was still present, we averaged several measurements to be able to assess to what extent the environment had an influence on the measurement. To calculate the resistance noise (Figure 12 ), we used Equation (10) .
As a figure of merit for these thermistors, an integrated RMS temperature T was chosen. This parameter has an electrical equivalent in the form of the resistor noise index. 3, 7 Therefore, the integral of the approximate noise power spectral density described by the fitting Equation (16) was evaluated in two frequency bands; the first band was from 10 15 Hz (∼DC) to 1 Hz and the second band was from 0.01 Hz to 1 Hz. This value was converted to the RMS temperature using the known TCR and Equation (10) . The summarized results can be found in Table I .
VI. CONCLUSIONS
Measurements of thermistor noise at low frequencies can be quite challenging. The long-term temperature stabilization of the environment is crucial, if samples with low noise and large temperature coefficient of resistance are to be investigated. Even though multiple stages of thermal lowpass filtering were used, periodic signal fluctuations were still observed in Figure 7 . For this reason, we expect that the low frequency noise below 0.01 Hz is attributable to temperature fluctuations of the chamber. This is supported by the trend of the signal in the time domain (Figure 7) and relatively large values of the exponent m (∼2).
When comparing noise characteristics in the second, higher frequency band ("fast" fluctuations), the RMS noise of all chip thermistors (MS, US) is about 6 times better than that of MC thermistors (with lower volume). This means that if certain measurement techniques that are insensitive to drift are applied (for example, electrical substitution 2 ), then the use of chip thermistors becomes advantageous. For our purpose, the combination of a low current noise JFET preamplifier together with chip thermistors (MS or US) appears to be optimal. This yields the best obtained RMS noise temperature of 2.8 µK in the frequency range of 0.01 Hz to 1 Hz.
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